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Abstract: An elegant general synthesis route for the prep-
aration of two coordinate palladium(0) and platinum(0)
complexes was developed by reacting commercially avail-
able tetrakis(triphenylphosphine)palladium/platinum with
m-accepting cyclic alkyl(@amino) carbenes (cAACs). The
complexes are characterized by NMR spectroscopy, mass
spectrometry, and single-crystal X-ray diffraction. The pal-
ladium complexes exhibit sharp color changes (crystallo-
chromism) from dark maroon to bright green if the C-Pd-
C bond angle is sharpened by approximately 6°, which is
chemically feasible by elimination of one lattice THF sol-
vent molecule. The analogous dark orange-colored plati-
num complexes are more rigid and thus do not show this
phenomenon. Additionally, [(cAAC),Pd/Pt] complexes can
be quasi-reversibly oxidized to their corresponding
[(cAAC),Pd/Pt]* cations, as evidenced by cyclic voltam-
metry measurements. The bonding and stability are stud-
ied by theoretical calculations.
_/
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Since the first report of stable N-heterocyclic carbenes (NHCs)
in 1991, they have been utilized for the stabilization of un-
usual species over the past two and a half decades.” NHCs are
chosen as superior o-donors and employed as ligands in differ-
ent fields of chemistry."? The carbene carbon atom of an NHC
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Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/chem.201500758, including synthetic procedures
for complexes 1-6 and crystal structure determination for 1-THF, 1,
3.0.5THF, 4-THF, 5-0.5THF, and 6-0.5 THF.
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is bonded to two o-withdrawing and m-donating nitrogen
atoms.” Consequently, the accumulation of electron density
on the p, orbital of the carbene atom is reasonably high, lead-
ing to weak m-accepting properties.”® This has both advantag-
es and disadvantages with regards to the stabilization and iso-
lation of unusual chemical species.”’ The strong o-donation
ability of NHCs has been utilized for the stabilization and char-
acterization of numerous unusual species, whereas the weaker
m-accepting property makes NHC-containing compounds more
labile™ As a result, they are prone to decomposition and
hence, are less suitable for characterization by mass spectrom-
etry. Since the synthetic reports of cyclic alkyl(@amino) carbenes
(cAACs) a decade ago,” they have been utilized as superior li-
gands for the stabilization of unstable chemical species,” radi-
cals,” and elements in their different oxidation states® due to
their stronger m-accepting properties. One o-withdrawing and
n-donating nitrogen atom of an NHC is replaced by a o-donat-
ing quaternary carbon atom in cAAC leading to a lower lying
LUMO. This is energetically advantageous for acceptance of
back-donation from the element bound to the carbene carbon
atom of cAAC.” Experimental results suggest that the carbene
carbon atom of cAAC utilizes the lone pair of electrons on the
adjacent nitrogen atom in a more controlled way, depending
on the accumulation of electron density on the elements that
are bound to the cAAC.®® cAACs form stronger donor-accep-
tor bonds which provide better stability in the systems.!'”
Structural bond parameters and theoretical investigations of
cAAC-containing chemical species unravel the hidden potential
of cAACs and their ability to control the distribution of elec-
tron densities around the bound element. This is strongly re-
flected in the C—N bond length, which varies in the range of
1.30 to 1.42 A depending on the elements bound and their ox-
idation states.>'”

Since the first synthesis report of an NHC, only [(NHC),Nil,
[(NHQC),Pd], and [(NHC),Pt] complexes with zero oxidation state
and a coordination number of two have been reported." Very
recently, cAAC-stabilized first-row transition metal atoms
((cAAC),M]; M=Mn, Fe, Co, Ni, Cu, Zn) have been reported,'?
with formal oxidation states of zero, one, or two and low coor-
dination numbers, which has not been achieved with NHC li-
gands. Structural parameters and bonding investigations of
these neutral [(cAAC),M] complexes showed very different
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electronic situations for different metals (see the Supporting
Information, Figure S1). Note, that the EPR spectroscopy and
theoretical investigations unambiguously conclude that Mn!'?
and Cu"™* mostly prefer the formal oxidation state one in
[(cAAC),Mn] and [(cAAC),Cu], respectively. Both of these com-
plexes have a delocalized radical electron spanning over the
two carbene carbon atoms. However, the complex [(cAAC),Zn]
favors a diradicaloid singlet spin ground state with Zn in the
formal oxidation state two.'?? In contrast, there is strong m
back-donation from Fe®, Co% and Ni®* to the carbene
carbon atoms in [(cAAQ),Fe] (d®, [(cAAC),Co]l (d%), and
[(cAAC),Ni] (d"®) complexes without a delocalized radical elec-
tron on carbenes (Figure S1). The electronics of the [(cAAC),M]
complexes are apparently unpredictable without experimental
evidence and theoretical calculations. The electronics of
second- or third-row two-coordinate [(cAAC),M] complexes are
intriguing. Analogous [(cAAC),M] complexes with second-row
transition metals have not been reported to date, whereas,
among cAAC-third-row transition-metal(0) complexes, only
two-coordinate [(cAAC),Au] was synthesized and its bonding
was theoretically investigated."* The electronic structures of
transition metal complexes [(cAAC),M] were accurately predict-
ed by different levels of theoretical investigations, since the C—
N bond length does not always confirm the presence of the
desired radical electron on the carbene carbon atom.>"*¥ Car-
bene metal complexes often act as catalysts and hence they
are very important species. Additionally, m-accepting ligands
are suggested to be advantageous since they can stabilize in-
termediate monoligated metal(0) complexes for amination and
coupling reactions.®™? Herein, we report on the synthesis,
characterization, and theoretical calculation of
[(cAAC),Pd’] (1-3) and [(cAAC),Pt°] (4-6) complexes
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1: M =Pd, cAAC = Cy-cAAC  4: M = Pt, cAAC = Cy-cAAC
2: M = Pd, cAAC = Et,-cAAC  5: M = Pt, cAAC = Et,-cAAC
3: M = Pd, cAAC = Me,-cAAC 6: M = Pt, cAAC = Me,-cAAC

Scheme 1. Synthesis of complexes 1-6.

The dark green solution of 1 was stored at —32°C from
which dark maroon rods of complex 1-THF were formed in
84% yield. 1-THF was characterized by single-crystal X-ray dif-
fraction. When the crystals of 1-THF were separated by filtra-
tion, interestingly the maroon rods immediately turned to
bright green powder. The transformation from crystals to
powder suggests the loss of lattice solvent (THF) but the
reason behind such an immediate and dramatic change of
color was not understood initially. When the green powder of
1 was redissolved in THF, it produced a green solution and re-
crystallization from THF or toluene at room temperature result-
ed in small green crystals. Single-crystal X-ray diffraction on
the green crystal showed a similar molecular structure to that
of complex 1, albeit without any lattice solvent molecules. The
structural deformation might be caused by the interfering sol-
vent molecule. Indeed, a change in the C-Pd-C angle was ob-
served (172.75° to 166.94°; Table 1). Replacing the Cy—cAAC

(Scheme 1) with two-coordinate palladium and plati-
num, respectively.
Cy—cAAC and [(Ph;P),Pd] were dissolved in 11:2

Table 1. Selected bond lengths [A], bond angles [°] and colors of (Cy—cAAC),Pd-THF
(1-THF) and (Cy—cAAQ),Pd (1).

Complex 1-THF 1
molar ratio in THF, forming a dark green solution of | o —
. . color ark maroon rig green
[(Cy—cAAC,Pd] (1) which was stirred at room tem- | o4y ¢ 2.0230(15)/2.0184(15)  2.0019(15)/2.0051(15)
perature (RT) for 1 h then 20 min at 70°C and finally | c_,,—N1 [A] 1.3267(18)/1.3341(19) 1.3216(18)/1.3204(19)
a further 12 h at RT. A similar synthetic method was | CancPd1-Ceanc [] 172.75(6) 166.94(6)
used for the preparation of [(Et,~cAAC),Pd] (2). The | N1-CancC2[1 106.57(12)/106.95(12) 107.0(3)/107.0(3)
least stericall ded b (MecAAC) N1-Ceanc-Pd1 [] 130.08(11)/130.44(11) 133.15(11)/131.81(11)
east sterically crowded carbene [(Me,cAACT was | ' py1 ) 123.25(10)/122.60(10) 119.7(3)/121.03)
found to be the most reactive one among these sum of angles around Coac [°] 360 360
three ligands and was required only in 4.5 equiv to | sum of angles around N1 [°] 360 360
that of [(Ph,P),Pd] to produce the dark maroon nee- adopted geometry of Coaac trigonal planar trigonal planar
adopted geometry of Pd1 bent bent

dles of [(Me,—cAAC),Pd]-0.5THF (3-0.5 THF). The yields

of complexes (cAAC),Pd° (1-3) largely depend on the

molar ratio of cAAC and (Ph;P),Pd. When the reaction

was performed with a 2:1 molar ratio, unreacted [(Ph,P),Pd]
crystallized along with the product [(cAAC),Pd’]. Use of the
less bulky [Me,—cAAC] ligand led to a faster reaction and
higher yield (90% for 3:0.5THF). The yield was little lower
(85% for 2 and 84% for 1) for relatively more bulky carbenes,
Et,—cAAC or Cy—cAAC, and longer times are required for com-
pletion of the reaction (see the Supporting Information for de-
tails). To obtain the above-mentioned yields, the cAAC/
[(Ph;P),Pd] molar ratios were optimized to 11:2, 5:1, and 9:2
for 1, 2, and 3-0.5THF, respectively.

Chem. Eur. J. 2015, 21, 1-8 www.chemeurj.org

ligand with Et,—cAAC always led to similar green crystals of
nonsolvated 2 and the color of the crystals did not depend on
the temperature of crystallization. The replacement of Cy—
cAAC or Et,—cAAC by the comparatively less bulky Me,—cAAC
always produced dark maroon rods of 3-:0.5THF, independent
of the imposed temperature of crystallization. 3-0.5THF does
not lose its lattice solvent and hence retains its color even
after separation from the mother liquor. These observations all
clearly suggest that employment of less bulky cAACs leads to
wider C-Pd-C angles (171.26 for 3:0.5THF). The comparatively
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more bulky carbene forms a complex with a smaller C-Pd-C
(166.94° for 1) bond angle at room temperature under identi-
cal crystallization conditions. When the round-bottom flask
containing a solution of 1-THF is viewed from below, the solu-
tion looks greenish at the edge with a dominant maroon color
in the middle. A change of the solvent from THF to toluene or
benzene did not produce a different color, indicating that this
color change is due to slight changes in the crystal structure of
the carbene-metal chromophores. This crystallochromism/va-
pochromism effect is clearly resolved in 1/1-THF. To our knowl-
edge, no carbene-metal(0) complexes have to date been
known to exhibit such phenomena. The previously reported
[(NHC),Pd] complexes are mostly yellow in color,""™' indicat-
ing that the m-accepting cAAC has a strong effect on the com-
plexes’ energy levels, which are responsible for their corre-
sponding electronic transitions.

Two-coordinate [(NHC),Pt°] complexes''*' have rarely been
synthesized and characterized, whereas their m-accepting cAAC
analogues are not known. When cAAC was added to a light
yellow solution of [(PhsP),Pt] in 1:5 molar ratio at room tem-
perature, the color of the reaction mixture slowly turned to
light orange after 30 min, indicating the formation of the de-
sired [(cAAC),Pt] product. *'P NMR spectroscopy showed that
the reaction was indeed slow. The reaction was found to be ac-
celerated and completed in a few hours (3.5 h) when the reac-
tion solution was boiled. Dark orange solutions of [(cCAAC),Pt°]
complexes [cAAC=Cy—cAAC (4), Et,—cAAC (5), Me,—cAAC (6)]
were concentrated and stored in a freezer at —32°C to form
orange block crystals of 4-THF, 5:0.5THF, and 6-0.5THF in 68,
74, and 79% vyields, respectively.

The red rods/blocks of complexes 1-6 are stable in air for
several hours and then slowly turn to red-brown solids within
a day (Pd; 1-3) or several days (Pt; 4-6), but are stable for sev-
eral months under an inert atmosphere at RT. Complexes
1 and 3 decompose above 230°C and 4, and 6 above 205°C,
whereas 2 and 5 decompose at 170°C and 145 °C, respectively.
The UV/Vis absorption spectra of 1, 2, and 3 show four absorp-
tion bands in the visible range (421/413/418, 466/461/464,
598/590/588, and 695/675/683 nm), whereas the orange-col-
ored platinum analogues 4, 5, and 6 exhibit the corresponding
bands at 452/450/449 nm (see the Supporting Information).
Complexes 1 (m/z 756.4 [M*]), 2 (m/z732.4 [M*]), 3 (m/z 678.4
M*]), 4 (m/z 8455 [M*]), 5 (m/z821.5 [M*]), and 6 (m/z765.4
[M*1) were characterized by electron-ionization mass spectrom-
etry. Note that {(cAAC)Pd} (previously proposed™’** mono-
ligated palladium) fragments are clearly observed for all three
[(cAAQ),Pd] complexes (1-3; see the Supporting Information).

Single-crystal  X-ray structure determination of the
[(cAAC),M] complexes (M=Pd, 1/1-THF, 3-0.5THF; M=Pt,
4-THF, 5:0.5THF and 6:0.5THF) showed similar molecular struc-
tures. The structural aspects of 1/1-THF and 6-0.5THF are de-
scribed herein (for 3:0.5THF, 4-THF, and 5:0.5THF, see the Sup-
porting Information). Complex 1 crystallizes in the triclinic P1
system with a lattice solvent molecule (THF) as 1-THF and in
the monoclinic space group P2,/n without any lattice solvent
molecule (Figure 1). In both cases, only one molecule is pres-
ent in the asymmetric unit.

Chem. Eur. J. 2015, 21, 1-8
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Figure 1. The molecular structure of complex 1. H atoms are omitted for
clarity. Anisotropic displacement parameters are depicted at the 50% proba-
bility level. Selected experimental [calculated at M06/def2-SVP] bond lengths
[A] and angles [*]: C1—Pd1 2.0019(15) [2.040], C24—Pd1 2.0051(15) [2.040],
C1-N11.3216(18) [1.326], C24—N2 1.3204(19) [1.326], C1-Pd1-C24 166.94(6)
[170.3].

The central palladium atoms adopt a slightly bent geometry
with C-Pd-C bond angles (172.75(6)° in 1-THF and 166.94(6)° in
1) that are smaller than those of [(*NHC),Pd] (180°; *NHC=
1,3-bisadamantylimidazolin-2-ylidene)."™ Previously reported
[PA(CNAFPPP2), ] (ArPPP2 = 2,6-(2,6-iPr,C¢H,),CeHs), stabilized by mi-
accepting aryl isocyanide, features a C-Pd-C bond angle of
169.8(2)°. The C—Pd distances of 1/1-THF (2.0019(15)-
2.0230(15) A) are close to those of previously reported
[(**NHC),Pd] (ca. 2.07-2.08 A). The C,pene—N bond lengths in 1/
1-THF are between 1.3204(19) and 1.3341(19) A, which are
slightly longer than that of the related free carbene
(ca. 1.30 A),® indicating m back-donation from Pd to the car-
bene carbon atoms. The superposition of related molecules of
1 and 1-THF shows the distortions in the five-membered car-
bene ring and cyclohexyl aliphatic part of Cy—cAAC units (see
the Supporting Information). The slight changes in the car-
bene-Pd unit lead to the dramatic shift in color (dark maroon
for 1-THF to bright green for 1) of the same complex. Selected
bond lengths and angles of 1-THF and 1 are given in Table 1.

Complex [(Me,—cAAC),Pt]-0.5THF (6-0.5THF) crystallizes in
the triclinic P1 space group with half of a lattice solvent mole-
cule in the asymmetric unit (0.5THF). The central platinum
atom is coordinated by two Me,—cAAC carbenes to adopt
a linear geometry (Figure 2) with a C-Pt-C bond angle of
170.9(2)°, which is close to that of [(Cy—cAAC),Pd]-THF
(ca. 172.75(6)°). The C—Pt distances are 1.964(5) and 1.967(5) A.
The C—N bonds (1.339(7) 1.345(6) A) are slightly longer than
those in 1/1-THF (see Table 1), suggesting a stronger back-do-
nation from Pt to the carbene carbon atoms. The bond lengths
and angles are close to those values previously reported for
[(NHc)zptD] .[11a,15]

A general trend has been observed. Complexes (cAAC),Zn,
(cAAC),Mn and (cAAC),Cu have two Dipp groups on the oppo-
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Figure 2. Molecular structure of 6:0.5THF. H atoms are omitted for clarity.
Anisotropic displacement parameters are depicted at the 50% probability
level. Selected experimental [calculated for 6 at M06/def2-SVP] bond lengths
[A] and angles [°]: C1—-Pt1 1.964(5) [2.014], C21—Pt1 1.967(5) [2.014], C1—N1
1.339(7) [1.332], C21—-N2 1.345(6) [1.332]; C1-Pt1-C21 170.9(2) [172.7].

site side with respect to the metal center (M=Zn, Cu, Mn). In
these complexes the radical electron is on the carbene carbon
atoms.'2%1 |n  contrast, (cAAC),Fe, (cAAC),Co, (cAAC),Ni,
(cAAQ),Pd and (cAAC),Pt complexes have two Dipp groups on
the same side. There are strong 7 back-donations from metal
to carbene carbon atoms which might be a possible reason
(M=Fe, Co, Ni, Pd, Pt). Note, that there is no radical electron
on the carbene carbon atom for M=Fe, Co, Ni,"® Pd, Pt. The
orientation of two cAACs in (cAAC),M has huge effect on the
spin ground state and fine electronic structure. Previously, we
have realized that if two cAAC groups are in (cAAC),Ni similarly
oriented like in (cAAC),Mn (e.g., on the same side), then there
will be two radical electrons on the carbene carbon atoms, for
example, (cAAC),Ni, which is not the spin ground state but
rather an excited state. This was concluded from ab initio cal-
culations (see the Supporting Information of ref. [12]).

We performed DFT calculations"® on complexes 1, 3, and 6
to gain insight into the electronic structure. The most impor-
tant bond lengths and angles of the optimized structures are
given in Figures 1, 2, and S13 (see the Supporting Information).
The theoretical and experimental data are in good agreement.
The calculated Pd—C and Pt—C distances are slightly longer
than the experimental values, which is a feature commonly ob-
served between solid-state and theoretical structures."” In all
the complexes the angle C1-M-C24 is close to 170°, namely,
170.3°,171.9° and 172.7° for 1, 3 and 6, respectively. It is inter-
esting to note that the theoretical C1-M-C24 angle in 1 is in
better agreement with the experimental value of the 1-THF
crystal structure than with the value for pure 1 (Table 1). This
supports the idea of the role of the THF solvent molecule in
disturbing the intermolecular forces within the lattice of 1. The
bending potential is very shallow. The energy necessary to
reduce the size of the C1-M-C24 angle from 172 to 166° was
computed to be only 0.5 kcalmol™".

To interpret the UV/Vis spectra, we carried out TD-DFT calcu-
lations in the gas phase and in THF solution (PCM model) at
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6 LUMO (-0.68 eV)

Figure 3. The HOMO and LUMO of complex 3 and 6 at M06/def2-TZVPP//
MO06/def2-SVP.

the M06/def2-TZVPP level of theory for 3 and 6 (see the Sup-
porting Information, Tables S11-513). The calculations in the
gas phase reveal the occurrence of four main excitations,
namely, HOMO—LUMO (590.4/514.5 nm for 3/6), HOMO—
LUMO +1 (507.0/4449 nm), HOMO—LUMO+2  (413.5/
360.7 nm), and HOMO —LUMO + 3 (403.9/354.2 nm), which are
in close agreement with the experimental data. Figure 3 shows
the shape of the HOMO and LUMO of 3 and 6. The HOMO is
fully located on the transition metal, whereas the LUMO is lo-
cated on the carbene ligands. By considering the solvent, the
wavelength of the absorption is blue shifted by approximately
30 nm, due to the higher stabilization of the HOMO (see the
Supporting Information, Figure S16) and the slightly stronger
oscillator strength. We studied the variation of the spectrum of
3 with changes in the angle C1-M-C24. Results show that on
going from 160° to 175° the main excitations shift to longer
wavelengths and the oscillator strength values become higher.

We also investigated the bonding in the complexes by using
the Natural Bond Orbital (NBO) and Energy Decomposition
Analysis (EDA) methods."® The EDA has proven to give impor-
tant information about the nature of the bonding. In this
method, the bond formation energy (AE;,) between the inter-
acting fragments is dissected into electrostatic attraction
(AEyqae), Pauli repulsion (AE;,,), and orbital (covalent) interac-
tions (AE,y). The latter term can be divided with the help of
the NOCV (natural orbitals for chemical valence) method into
pairwise contributions of the different orbitals. The dissociation
energy can be computed by considering the energy for the re-
laxation of the fragments (—D,=AE;,,+ AE,.,). Further details
are given in the Supporting information.!'

For the sake of comparison, we have included the
[(NHCM®),M] derivatives [M=Pd (7), Pt (8)]. The structures (see
the Supporting Information, Figure S13) are in good agree-
ment with experimental X-ray data."! NBO calculations (see
the Supporting Information, Table S9) indicate a charge dona-
tion (Me,—cAAC)—M—(Me,—cAAC), which gives negative par-
tial charges at the metal of —0.36 (Pd) and —0.32 (Pt) for 3 and
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6, respectively; whereas the charge donation (NHC“®)—
M« (NHC") yields slightly more negatively charged metals;
—0.46 and —0.48 for Pd and Pt complexes, respectively.

The NBO data are complemented by the EDA results, which
give more detailed information about the nature of the metal-
ligand interactions in [(Me,—cAAC),M] [M=Pd (3), Pt (6)] and
[(NHC"®),M] [M=Pd (7), Pt (8); Table 2].

Table 2. EDA-NOCV calculations at the BP86/TZ2P+ level of [(Me,—
cAAQ),MI (M=Pd (3), Pt (6)) and [(NHC"¢),M] (M=Pd (7), Pt (8)). Energy
values are given in kcalmol™".
L Me,—cAAC NHCMe
M Pd (3) Pt (6) Pd (7) Pt (8)
AEy —173 —1817 —-109.7 -169.3
" 320.7 430.7 300.0 400.0
N~ —296.6 —405.3 —282.3 —382.1
(67.7 %) (66.2 %) (68.9%) (67.1 %)
AE,, —1414 —207.1 —127.4 —187.2
(32.3%) (33.8%) (31.1%) (32.9%)
AE, —714 —109.4 —74.5 —-110.7
Ms(0)—(L),* (50.5 %) (52.8%) (58.5 %) (59.1%)
AE, —8.6 —16.0 -84 —154
Mp(0) (L), (6.1%) (7.7 %) (6.6 %) (8.2%)
AE,,H —-30.5 —37.1 —18.9 —24.5
Md()—(L),*’ (21.6%) (17.9%) (14.8%) (13.1%)
AE, | —208 —275 —16.7 -213
Md()—(L),*’ (14.7 %) (13.3%) (13.1%) (11.4%)
AE oy -10.1 —17.1 -89 —~153
(7.1 %) (8.3%) (7.0%) (8.2%)
AEprep tota 14.0 15.5 5.8 6.2
—D, —103.3 —166.2 —103.9 —163.1
[a] Unless otherwise stated, the values in parentheses give the percent-
age contribution to the total attractive interactions AE,,+ AE; [b] the
values in parentheses give the percentage contribution to the total orbi-
tal interactions AE,,.

The EDA data suggest that the intrinsic metal-ligand interac-
tions of the cAAC complexes are slightly higher than those of
the NHC adducts. The Pt complexes have, in all cases, signifi-
cantly stronger bonds than the Pd species. The bond dissocia-
tion energies (—D,) follow the same trend as the intrinsic inter-
action energies and indicate that all complexes are stable. The
attractive interaction comes from the ionic term AE,.., Which
contributes more than 66 % to the bonding, whereas the cova-
lent (orbital) term AE,, comprises around 34%. The break-
down of the orbital interaction term AE,,, indicates that the
o donation L—M<«L has similar strength for L=Me,—cAAC
and L=NHC"®, whereas the LM —L m back-donation of L=
Me,—cAAC is clearly stronger than that for L=NHC". The de-
formation densities are displayed in Figure S14 (see the Sup-
porting Information). The mx back-donation in the platinum
complex 6 is calculated to be stronger than that in the palladi-
um complex 3, in agreement with the experimental difference
in the C—N distances for 6:0.5THF and 1/1-THF that were dis-
cussed above.

The cyclic voltammograms (Figure 4) of THF solutions of
1 and 6 containing 0.1™M [nBu,NICIO, as electrolyte (CE=Pt;
WE =GC; RE=Ag) show a one-electron quasi-reversible oxida-
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Figure 4. Section of cyclic voltammogram of a THF solution of 1 (top) and 6
(bottom) at indicated scan rates. The solution contained 0.1 m [nBu,N]CIO,
as an electrolyte.

tion of £,,,=—-0.60V (Pd; 1) and E,;,=—0.07 V (Pt; 6) versus
[Cp*,Fel/[Cp*,Fel*, indicating the formation of the stable cat-
ionic species [(cAAC),M]* (M=Pd, Pt; Scheme 2). The widening
between the anodic and cathodic potentials of cationic com-
plexes suggests slight structural changes. Removal of an elec-
tron from the HOMO results in the depletion of electron densi-
ty on the metal center. The optimized structures of the cations
3% and 6% present small differences with respect to the neu-
tral complexes; longer M—C bond lengths and shorter C—N
bond lengths, while the angle C-M-C is almost invariable. Final-
ly, (cAAQ),-Pt (4-6) complexes were further characterized by
Pt NMR  spectroscopy (—4247.07 (4), —4333.82 (5),
—4211.56 ppm (6)). The Pt chemical shift values are in the
expected range of previous reports."” The Jeaner Values are
11583 (4), 1150.7 (5), 1144.4 Hz (6) while Jycyespt/Jccarbenechiez
values are 85.7/105.6 (4), 86.2/95.9 (5), 88.9/132.7 Hz (6).
Zero-valent palladium and platinum complexes are well
known as efficient catalysts.'*><'%19 -Accepting ligands have
been suggested to be superior for coupling reactions, as sup-
ported by the results of theoretical calculations."* In summa-

M=Pd Pt

oY O O O

Scheme 2. Reversible one-electron oxidation of [(cAAC),M] complexes;
(M=Pd, Pt).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ry, we have shown that m-accepting cyclic alkyl(amino) car-
benes (cAACs) react with tetrakis(triphenylphosphine)palladi-
um(0) and the corresponding platinum(0) precursors to form
[(cAAC),Pd/Pt] complexes (1-6) with two-coordinate Pd or Pt
atoms. Sterically less crowded Me,—cAAC is a more suitable
ligand than Et,—cAAC or Cy—cAAC, with better yields and
lower reaction times. These complexes were characterized by
NMR spectroscopy, mass spectrometry, and single-crystal X-ray
diffraction. The crystals of 1-6 are stable in air for several
hours but stable for months under an inert atmosphere at
room temperature. The Cy—cAAC and Me,—cAAC analogues
are both thermally stable above 200°C, whereas the Et,—cAAC
analogues are stable above 140°C. CV measurements showed
that both Pd (1) and Pt (6) complexes quasi-reversibly undergo
one-electron oxidation to produce their corresponding cations
[(Cy—cAAQ),Pd]* and [(Me,—cAAQ),Pt]".

Interestingly, [(cAAC),Pd] complexes exhibit crystallochrom-
ism, changing color from dark maroon to bright green due to
bending of the C-Pd-C bond angle from 172.75(6)° to
166.94(6)°. Both the conformers of this series of complexes
(1-THF and 1) are present in solution and can be separated in
the solid state by crystallization, either in a freezer at —32°C or
at room temperature. To our knowledge, this phenomenon is
unprecedented for carbene-metal(0) complexes.””
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@ Synthesis, Characterization, and
Theoretical Investigation of Two-
Coordinate Palladium(0) and
Platinum(0) Complexes Utilizing
n-Accepting Carbenes
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Bent out of shape: mt-Accepting cyclic
alkyl(amino) carbenes were employed
for the preparation of two-coordinate,
bent palladium(0) and platinum(0) com-
plexes. The palladium complex exhibits
crystallochromism (from maroon to

green) due to controlled bending of the
C-Pd-C bond angle by approximately 6°
during elimination of a lattice solvent
molecule. The bonding and stability of
these complexes are studied by theoret-
ical calculations. N HE N
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